The filamentous fungus Penicillium chrysogenum is applied on a large scale (Ͼ60,000 tons year Ϫ1 ) (8, 36) for the industrial production of ␤-lactam antibiotics, such as penicillin G and penicillin V, and for the production of the cephalosporin precursor adipoyl-7-ADCA. ␤-Lactam antibiotics are formed in a multistep process in which the first two steps are common for penicillins and cephalosporins. The three amino acids cysteine, valine, and ␣-aminoadipic acid, derived from central metabolism, are condensed to form the tripeptide ACV (␣-aminoadipyl-cysteinyl-valine). The next step is a ring closure that leads to the characteristic penam structure of isopenicillin N, the branch point intermediate at which penicillin biosynthesis diverges from cephalosporin biosynthesis. Penicillin G is formed from isopenicillin N by exchanging its ␣-aminoadipic acid side chain for phenylacetic acid, using phenylacetyl-coenzyme A as a side chain donor.
Overproduction of secondary metabolites can have a large impact on central metabolism if it requires significant amounts of carbon precursors, reducing equivalents (NADH and NADPH), and free energy equivalents (ATP). Previous studies on penicillin G production in a high-producing industrial strain of P. chrysogenum have shown that constraints in central metabolism may reside in the supply and regeneration of the cofactor NADPH rather than in the supply of the carbon precursors, ␣-aminoadipic acid, cysteine, and valine (40) . Moreover, a careful model-based analysis of chemostat data revealed that penicillin G production in this strain appeared to be associated with an unexpectedly high additional energy dissipation (corresponding to 73 mol of ATP per mol penicillin G) (39) .
In glucose-limited, penicillin G-producing cultures of P. chrysogenum, the following three main carbon flows can be distinguished ( Fig. 1 ): (i) dissimilation of glucose to provide free energy equivalents and reducing power, (ii) assimilation of glucose into cell material, and (iii) production of penicillin G via its carbon precursors (Fig. 1 ). These three flows are linked via closed balances of the conserved moieties NAD ϩ /NADH, NADP ϩ /NADPH, and ATP/ADP/AMP. As indicated in Fig. 1 , this situation implies that biomass formation and penicillin G production compete for glucose, NADPH, and ATP.
Chemo-organoheterotrophic microorganisms such as P. chrysogenum use organic substrates such as glucose both as a carbon source and as a source of free energy. Since part of the glucose has to be used for the generation of ATP equivalents in dissimilation, it can be called an energy-deficient substrate (4) . Due to this intrinsic free energy deficiency, experimentally obtained biomass yields on glucose are generally lower than the maximum biomass yield that could theoretically be reached when assimilatory reactions are fully optimized (5, 9) .
Many previous studies have demonstrated that cofeeding with an auxiliary energy substrate can compensate for the energy deficiency of carbon substrates. Auxiliary substrates are compounds that can be dissimilated to provide free energy requirements but cannot be used as a carbon source for growth. An increase of the carbon source-to-biomass conversion efficiency has been demonstrated for many combinations of carbon sources and auxiliary substrates, including acetate-thiosulfate (14) , acetate-formate (11), and glucose-formate (9, 13, 16) . Formate is a suitable model auxiliary energy substrate for yeasts and fungi, as many of these organisms contain an NAD ϩ -linked formate dehydrogenase (EC 1.2.1.1; FDH) that catalyzes the oxidation of formate to CO 2 but are unable to assimilate formate (3, 4, 10, 16, 28, 33, 38) . The NADH formed in the FDH reaction can be coupled to the mitochondrial respiratory chain and thus lead to ATP production. The stoichiometry of this process (P/O ratio) depends on the subcellular localization of FDH. In most eukaryotes, FDH appears to be a cytosolic enzyme (9, 28) , with the notable exception of plants, where it is located in the mitochondria and chloroplasts (18, 25, 26) . At saturating rates of formate consumption, glucose-limited growth should switch from an energy-limited to an energy-excess or carbon-limited situation.
Although the auxiliary substrate approach has been studied extensively in relation to biomass production from energydeficient carbon substrates, it has not, to our knowledge, been investigated systematically in microbial systems that produce a secondary metabolite whose biosynthesis requires a large net input of free energy. The aim of the present study is to investigate how the use of formate as an auxiliary substrate in aerobic, glucose-limited chemostat cultures of a high-penicillin-G-yielding strain of P. chrysogenum affects ␤-lactam biosynthesis and the yield of biomass on the carbon substrate glucose.
MATERIALS AND METHODS

Strain.
A high-penicillin-G-producing industrial strain of Penicillium chrysogenum (code name DS17690) was obtained from DSM-Anti-Infectives (Delft, The Netherlands). This strain was a reisolation of a strain previously used in our lab (DS12975) (15, 39, 40) .
Medium and medium preparation. Mineral medium was prepared as described previously (15) Chemostat cultivation. Aerobic glucose-limited chemostat cultivation was performed at 25°C in 3-liter turbine-stirred bioreactors (Applikon, Schiedam, The Netherlands) with a working volume of 1.8 liters. The pH was maintained at 6.5 via automated addition of 2 M NaOH (ADI 1030 biocontroller; Applikon, Schiedam, The Netherlands). The fermentor was sparged with air at a flow rate of 0.9 liter ⅐ min Ϫ1 , using a Brooks mass-flow controller (Brooks Instruments), and was stirred at 750 rpm. The dissolved oxygen concentration was continuously monitored with an oxygen electrode (Applisens, Schiedam, The Netherlands). Cultures in which the dissolved oxygen tension decreased below 40% of air saturation were not included in further analysis, as this condition results in reduced penicillin G production in steady-state cultures. Continuous cultivation was initiated after 50 to 60 h of batch cultivation. The feed medium was supplied continuously by a peristaltic pump (Masterflex; Cole Parmer), and the dilution rate was set at 0.03 h Ϫ1 for all chemostat experiments. Effluent was removed discontinuously by means of a special overflow device which has been described previously (41) . The time interval between effluent removals was fixed in such a way that each time approximately 1% of the culture volume was removed. To prevent excessive foaming, silicone antifoam (10% [vol/vol]; BDH) was added discontinuously at timed intervals.
Determination of culture dry weight. Culture samples (10 ml) were filtered over preweighed glass fiber filters (type A/E; Pall Life Sciences). The filters were washed with demineralized water, dried for 20 min at 600 W in a microwave oven, and subsequently weighed.
Substrate and metabolite analysis. Glucose concentrations in the medium were determined by high-performance liquid chromatography analysis using an Aminex HPX-87H column (Bio-Rad) at 60°C, with 5 mM H 2 SO 4 as the mobile phase. Phenylacetic acid and penicillin G concentrations were determined by isocratic high-performance liquid chromatography analysis using a Platinum EPS C 18 column (Alltech) at 30°C. The mobile phase consisted of 5 M acetonitrile with 5 mM KH 2 PO 4 and 6 mM H 3 PO 4 .
Gas analysis. The exhaust gas of chemostat cultures was first passed through a condenser kept at 4°C. The fraction of the gas that was sent to the off-gas analyzer was subsequently dried with a Perma Pure dryer (type MD-110-48P-4; Perma Pure). Oxygen and carbon dioxide concentrations were determined with FIG. 1. Fluxes of ATP and reducing equivalents in penicillin G-producing, growing cells of P. chrysogenum. I, assimilation of glucose into biomass; II, respiratory dissimilation of glucose; III, oxidation of formate; IV, penicillin G biosynthesis; 1, net production of NADH during assimilatory reactions; 2, production of NADH in dissimilatory reactions; 3, generation of ATP via substrate-level phosphorylation; 4, generation of ATP via mitochondrial oxidation of NADH; 5, ATP consumption for penicillin production; 6, NADPH oxidation via the mitochondrial respiratory chain; 7, NADPH consumption in penicillin synthesis; 8, production of NADPH via the pentose-phosphate pathway and NADP ϩ -linked isocitrate dehydrogenase; 9, consumption of NADPH during formation of amino acids, lipids, and nucleic acids; 10, ATP consumption for synthesis of biomass monomers and their polymerization; 11, NADH production in penicillin synthesis; 12, formation of NADH via FDH. an NGA 2000 analyzer (Rosemount Analytical). Off-gas flow rates were determined from an average of 10 measurements, using a SAGA digital flow meter (Ion Science, Cambridge, United Kingdom). Specific rates of carbon dioxide and oxygen consumption were calculated as described previously (42) . Subcellular fractionation and oxygen uptake studies with mitochondrial preparations. Mitochondria were isolated via controlled lysis of cells from glucoselimited chemostat cultures as described previously (15) . Spheroplasts were formed using Lyticase (from Arthrobacter luteus; Ͼ3,000 U ⅐ mg protein
Ϫ1
[Sigma-Aldrich]). The spheroplasts were subsequently lysed via lowering of the osmotic pressure and subsequent shear stress in a Potter-Elvehjem homogenizer. After centrifugation, the homogenate was separated from the whole cells and debris and centrifuged again. The resulting pellet, containing mitochondria and other organelles, was resuspended in 0.65 M sorbitol and stored on ice. Protein concentrations of the fractions were determined (23) and corrected for sorbitol interference and bovine serum albumin present in the pellet buffer. The success of subcellular fractionation was verified by measuring glucose 6-phosphate dehydrogenase and citrate synthase in all fractions in the presence and absence of 0.5% (vol/vol) Triton X-100. Oxygen consumption by isolated mitochondria was measured as described before (15) . The assay mixture contained 50 mM potassium phosphate buffer (pH 7.5), 5 mM MgCl 2 , and 0.65 mM sorbitol (final volume, 4 ml). Reactions were started with 5 mM potassium formate.
Preparation of cell extracts and enzyme activity assays. Enzyme activities were determined in cell extracts, which were prepared as described before (15) . Glucose 6-phosphate dehydrogenase (EC 1.1.1.49) was assayed in a reaction mixture containing 50 mM Tris-HCl, pH 8.0, 5 mM MgCl 2 , 0.8 mM NADP ϩ , and cell extract. The reaction was started with 10 mM glucose 6-phosphate. Citrate synthase (EC 2.3.3.1) was measured at 412 nm (ε ϭ 13.6 mM Ϫ1 ⅐ cm Ϫ1 ) in a mixture containing 100 mM Tris-HCl, pH 8.0, 1 mM acetyl-coenzyme A, 80 mM potassium chloride, 0.1 mM 5,5Ј-dithio-bis(2-nitrobenzoic acid) in Tris-HCl (DTNB), and cell extract. The reaction was started with 0.2 mM oxaloacetic acid. FDH (EC 1.2.1.2) was assayed in a reaction mixture containing 50 mM potassium phosphate buffer (pH 7.0), 2 mM NAD ϩ , and cell extract or the different cell fractions. The reaction was started with 50 mM potassium formate (pH 7.0). Cofactor specificity was tested by performing the same assay with 2 mM NADP ϩ . Protein concentrations were determined (23) with bovine serum albumin (fatty acid free; Sigma-Aldrich) as a standard.
Metabolic modeling. Metabolic modeling studies were carried out using a published stoichiometric model for growth and product formation of P. chrysogenum (40) . The model was extended with a cytosolic NAD ϩ -specific FDH reaction and two alternative formate uptake systems, either passive diffusion of the undissociated acid or active transport requiring 1 mol of ATP per mol of formate imported. The ATP stoichiometry parameters which were used in the model were the same as those estimated previously for this P. chrysogenum strain (39) . The determined stoichiometric model required eight measured net conversion rates to calculate all reaction rates and remaining net conversion rates, namely, biomass growth rate, penicillin G production, formate consumption, formation of by-products associated with penicillin production (6-aminopenicillanic acid, 8-hydroxypenillic acid, and 6-oxopiperidine-2-carboxylic acid), and formation of by-products associated with biomass growth (peptides and polysaccharides). Because by-product formation was not quantified, previously measured values for the same strain cultivated at the same dilution rate in glucoselimited chemostat cultures carried out in an identical chemostat setup were used (40) .
RESULTS
Formate oxidation by Penicillium chrysogenum. Glucose-limited chemostat cultures of a high-penicillin-G-yielding strain of Penicillium chrysogenum readily oxidized formate to CO 2 when this C 1 substrate was included in the medium reservoir. At a fixed glucose concentration of 7.5 g liter Ϫ1 , the formate concentration in the medium reservoir could be increased to up to 430 mM before washout of the cultures occurred ( Fig. 2A) . At formate concentrations in the feed of up to 200 mM, the residual formate concentrations in the cultures were below 15% of those in the feed, reflecting a modest affinity of P. chrysogenum for formate. At higher formate concentrations in the feed, a stronger increase of the residual formate concentrations occurred (Fig. 2B) .
FDH activity was measured in cell extracts of P. chrysogenum chemostat cultures grown in the presence and absence of formate. In cell extracts prepared from cultures grown without formate, no NAD ϩ -dependent FDH activity could be detected. A clear induction of NAD ϩ -dependent FDH activity occurred when formate was included in the feed. This activity increased linearly with the rate of formate consumption by the chemostat cultures. No NADP ϩ -dependent FDH activity was detected (data not shown).
To study the subcellular localization of FDH, subcellular fractionation studies were performed. Localization studies of glucose 6-phosphate dehydrogenase as a cytosolic marker and citrate synthase as a mitochondrial marker (27) showed that the cytosolic and particulate fractions were sufficiently separated. Less than 2% of the glucose 6-phosphate dehydrogenase activity in spheroplast homogenates was present in the particulate fraction, showing that contamination of the particulate fraction by cytosol was negligible. Similarly, no citrate synthase activity was found in the cytosolic fraction, thus indicating the absence of contamination of the cytosol by mitochondria. Consistent with a cytosolic localization, FDH activity was detected A mitochondrial FDH would produce NADH in the mitochondrial matrix. Malate/pyruvate-specific oxygen uptake studies showed that the mitochondria were capable of generating and oxidizing intramitochondrial NADH. However, the same mitochondrial preparations isolated from formate-oxidizing chemostat cultures did not exhibit formate-dependent oxygen uptake rates. Growth and product formation as a function of formate supply. To assess the effect of the coconsumption of formate on the energetics of growth and product formation, the yield of biomass on glucose, the rate of penicillin G production, and the rates of oxygen consumption and carbon dioxide production were quantified for chemostat cultures grown at different formate-to-glucose ratios at a dilution rate of 0.03 h Ϫ1 . This dilution rate was chosen because the specific penicillin production rate of the P. chrysogenum strain used appeared to be optimal at this dilution rate (40) . In all chemostat cultivations, the carbon balances closed for more than 90% of the carbon. From previous experiments under comparable conditions, it was calculated that the missing carbon is most likely due to the excretion of polymeric by-products (proteins and polysaccharides) and by-products of penicillin biosynthesis (24, 40) . Consistent with the stoichiometry of formate oxidation by FDH, the specific CO 2 production rate increased with increasing formate consumption (Fig. 3A) . Simultaneously, the specific O 2 consumption rate also increased, albeit not as steeply as the CO 2 production rate, thus leading to an increase of the respiratory quotient (Fig. 3B) .
Up to a molar formate-to-glucose ratio of 4.5 (based on consumed substrate), the biomass yield on glucose increased while the biomass-specific penicillin G production rate showed no significant change (Fig. 4) . This resulted in an increase of the volumetric productivity of these cultures by up to 20% at a molar formate-to-glucose ratio of 4.5 (corresponding to a formate concentration in the feed of 200 mM). At even higher consumed formate-to-glucose ratios, the specific penicillin production rate gradually decreased, to about 50% of the reference rate at the highest formate-to-glucose ratio. The reduced penicillin G productivity could not be attributed to a limiting supply of the side chain precursor PAA, because the decrease of specific penicillin G production at formate concentrations in the feed above 200 mM coincided with an increase of the residual PAA concentration. At the optimal formate-to-glucose ratio, the fraction of the glucose carbon that ended up in either biomass or penicillin G had increased from 49% (in the reference cultures without formate) to 62%. FIG. 3 . Specific respiratory rates of P. chrysogenum cells grown in glucose-limited aerobic chemostat cultures with increasing formate consumption. Results are the averages Ϯ SD ( nϪ1 ) of measurements on at least two consecutive days during steady state. Cells were grown at a dilution rate of 0.03 h Ϫ1 at various formate concentrations in the feed. R f/g , consumed molar formate-to-glucose ratio. Calculations were based on a molecular weight of a cmol biomass of 28.00 (40) . Theoretical values were calculated by assuming that no free energy input is required for formate transport (solid lines) and by assuming that 1 ATP per formate is transported (dashed lines). The ends of the lines coincide with the maximal predicted formate-to-glucose ratio in the case that uncoupling does not occur (see section on metabolic modeling). RQ, respiratory quotient.
FIG. 4.
Effects of increased formate coconsumption on biomass yield on glucose (Y sx ) and specific penicillin production rate (q pen ). Results are the averages Ϯ SD ( nϪ1 ) of measurements on at least two consecutive days during steady state. Cells were grown in aerobic, glucose-limited chemostat cultures at a dilution rate of 0.03 h Ϫ1 with various formate concentrations in the feed. R f/g , consumed molar formate-to-glucose ratio. Calculations were based on a molecular weight of a cmol biomass of 28.00 (40) . Each data point was derived from an independent chemostat culture. Theoretical values were calculated at a dilution rate of 0.03 h Ϫ1 by assuming that no free energy input is required for formate transport (solid line) and by assuming that 1 ATP per formate is transported (dashed line). The ends of the lines coincide with the maximal predicted formate-to-glucose ratio in the case that uncoupling does not occur (see section on metabolic modeling). 
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Metabolic modeling of cometabolism of formate and glucose. For a quantitative evaluation of the effect of coconsuming formate as an auxiliary energy source, metabolic modeling was performed using a previously developed stoichiometric metabolic network model for this strain (40) . Calculations were based on previously published P/O ratios for cytosolic and mitochondrial NADH (39) . For these calculations, it was assumed that the biomass-specific penicillin G production rate was not affected by formate coconsumption. The experimental data show that this assumption is valid for consumed molar formate-to-glucose ratios below 5 but not for higher ratios (Fig. 4) . Since the energetics of formate transport by P. chrysogenum may have a substantial impact on the efficiency of formate as an auxiliary substrate, two distinct model scenarios were evaluated. In the first scenario, formate uptake was assumed not to require a net input of free energy, but instead to take place via diffusion of the free acid or electroneutral symport of the anion with a proton. In a second scenario, the uptake of formate was assumed to require 1 ATP equivalent. This scenario would describe symport of the free acid with a proton, followed by expulsion of the proton via the plasma membrane ATPase (which requires hydrolysis of 1 ATP) (20) or, alternatively, primary transport of formate coupled to ATP hydrolysis. With a P/O ratio of 1.1 for cytosolic NADH (39), the second scenario would allow for only marginal ATP production from the oxidation of formate. A comparison of the biomass yields as well as the oxygen consumption and carbon dioxide production rates predicted by the two model scenarios and the actually observed values (Fig. 3A and 4) clearly shows that the experimental data are not consistent with a formate uptake mechanism that requires a net input of ATP. Instead, they give an excellent fit when an energy-independent mechanism is assumed to be responsible for formate transport in P. chrysogenum. Further analysis was therefore based on a model that incorporated energy-independent formate uptake.
In theory, an optimal scenario for utilization of formate as an auxiliary energy source can be described as a situation in which (i) all glucose used for dissimilation is replaced by formate, (ii) some glucose is used for NADPH generation, and (iii) the remainder of the glucose is used for production of biomass and penicillin G. On stoichiometric grounds, the model predicted that this situation should be reached at a formate-to-glucose consumption ratio of 7.4 mol mol Ϫ1 . At this ratio, all NADH required in oxidative phosphorylation is generated via formate oxidation and glucose only fulfils an assimilatory role, assuming that no changes occur in ATP metabolism. In practice, this situation was not reached, as at formate-to-glucose ratios above 4.5, formate accumulated in the cultures and probably interfered with cellular metabolism.
DISCUSSION
Formate as an auxiliary substrate for improving penicillin production. Formate oxidation by glucose-limited, penicillin G-producing chemostat cultures of Penicillium chrysogenum led to an increased biomass yield while, over a limited range of formate-to-glucose ratios, the biomass-specific rate of penicillin G remained constant. At the optimum formate-to-glucose ratio, this resulted in a 20% increase of the penicillin G volumetric productivity. These results provide proof of principle that the productivity of assimilatory, ATP-requiring products such as ␤-lactam antibiotics can be improved by the use of an auxiliary energy substrate. However, several factors preclude immediate industrial application.
For any industrial process based on the cofeeding of an auxiliary substrate to be economically viable, it has to be cheaper than the carbon source on an electron-pair (NADH) basis. While formate is a useful model substrate for laboratory experiments, it does not meet this cost requirement. For industrial applications, the oxidation of methanol (via a linear oxidation pathway involving NAD ϩ -dependent methanol, formaldehyde, and FDHs) would be much more interesting, as it can yield up to 3 mol NADH per mol methanol (16, 32, 43) . Such an approach would require metabolic engineering, as NAD ϩ -linked methanol dehydrogenases have been characterized for gram-positive bacteria (2, 17) but not for fungi. Recently, this was successfully demonstrated for Corynebacterium glutamicum (35) . The typical eukaryotic pathway of methanol oxidation via an H 2 O 2 -generating methanol oxidase (reviewed in reference 29) leads to a loss of one NADH per methanol. Ideally, a methanol-oxidizing pathway should be expressed in the mitochondrial matrix, as this would lead to a maximal P/O ratio due to involvement of the proton-translocating complex I NADH dehydrogenase (21, 31) . However, even when a methanol-oxidizing pathway can be engineered into P. chrysogenum, the possible kinetic limitations of this fungus in formate oxidation, which were revealed in the present study, need to be addressed.
In the present study, the theoretical maximum increase of biomass and penicillin G yields on glucose, calculated for saturating formate feeds, could not be reached in practice. Instead, cofeeding at increased formate-to-glucose ratios above a certain value resulted in a decrease of the specific penicillin G production rates. Several factors may have contributed to this phenomenon. Firstly, the high rates of NAD ϩ -dependent formate oxidation may have led to an increased intracellular NADH concentration, which, in turn, may have affected NAD ϩ -dependent reactions delivering precursors for the synthesis of penicillin G. Indeed, it has been reported that glycolysis in microorganisms may be inhibited by the addition of formate via an effect of the FDH reaction on the NADH/ NAD ϩ ratio (6, 7, 19, 34) . Secondly, it has been found that the affinity of Saccharomyces cerevisiae FDH for formate is negatively affected by high NADH/NAD ϩ ratios, showing that FDH from S. cerevisiae obeys sequential bi-bi two-substrate kinetics (12, 30, 37) . If the same holds for P. chrysogenum, this kinetic mechanism may have contributed to the rapid increase of the residual formate concentration at high formate-to-glucose ratios, which may have caused further toxic effects. Such toxicity may have involved specific inhibitory effects of formate on key enzymes in biomass or penicillin G production or, alternatively, more general mechanisms such as weak-acid uncoupling.
A previously developed metabolic model of P. chrysogenum (40) was used to analyze the energetics of formate utilization by P. chrysogenum. The power of stoichiometric modeling of metabolic networks was demonstrated by the clear discrimination between energy-dependent and energy-independent formate transport mechanisms. The recent completion of the genome sequence of P. chrysogenum (R. Bovenberg, DSM, personal communication)
will be instrumental in extending the model used in the present study to a genome-scale metabolic model (1, 22) , thereby further refining its predictive value. However, extension of the model with additional reactions will not enable the prediction of kinetic phenomena such as substrate accumulation, back pressure of high NADH/NAD ϩ ratios, or weak-acid uncoupling. Since the construction of genome-scale kinetic models of metabolism represents a formidable challenge, a combination of modeling and experimentation will continue to be essential for rational optimization of metabolic networks for increased product formation in industrially relevant microorganisms.
